Perfluorosulfonate ionomers have been shown to demonstrate a profound affinity for large cationic complexes, and the exchange of these ions may be used to provide insight regarding Nafion . At equilibrium, the partition coefficient for the ion-exchange of the trimetallic complex into Nafion ® from a DMF solution was found to be 5.7 × 10 3 . Furthermore, the total cationic charge of the exchanged trimetallic complexes was found to counterbalance 86 ± 2% of the anionic SO 3 − sites in Nafion ® . The characteristic dimensions of morphological models for the ionic domains in Nafion ® were found to be comparable to the molecular dimensions of the large mixed-metal complexes. Surprisingly, SAXS analysis indicated that the complexes absorbed into the ionic domains of Nafion ® without significantly changing the ionomer morphology. Given the profound affinity for absorption of these large cationic molecules, a more open-channel model for the morphology of perfluorosulfonate ionomers is more reasonable, in agreement with recent experimental findings. In contrast to smaller monometallic complexes, the time dependent uptake of the large trimetallic cations was found to be biexponential. This behavior is attributed to a fast initial ion-exchange process on the surface of the membrane, accompanied by a slower transport-limited ion-exchange for exchange sites that are buried further in the ionomer matrix.
Introduction

Nafion
® is a cation-conducting, electrically insulating, perfluorosulfonated ionomer membrane that has a high affinity for large, hydrophobic, cationic compounds. 1, 2 Since many catalysts and photosensitizers based on transition metals are often large cationic complexes bearing organic ligands, the inherent affinity of Nafion ® for such complexes makes it an ideal substrate for the immobilization of these complexes. [3] [4] [5] [6] [7] [8] [9] [10] [11] For example, ruthenium complexes have been widely used as photoactive species and catalysts in Nafion ® membranes for a variety of applications, including platinum 4 and TiO 2 11 catalyzed H 2 production, O 2 evolution, 5 photocurrent generation in the presence of a semiconductor, 7, 9 photoinduced methyl viologen radical cation formation, 8 and sulfide to sulfoxide oxidation using a lead ruthenate pyrochlore catalyst. 10 Manganese and iron catalysts have also shown enhanced electrocatalytic activity in Nafion ® . 3, 6 These studies have demonstrated that the immobilization of photosensitizers in Nafion ® can enhance photo-induced electron transfer processes by limiting intermolecular quenching and vibrational relaxation of photoexcited molecules. 4, 7, [10] [11] [12] Moreover, Nafion ® membranes may also prevent the decomposition of absorbed catalysts, resulting in enhanced catalytic performance and stability.
vinylether side chains (Scheme 1). The ion exchange capacity of Nafion ® membranes can be described in terms of the equivalent weight (EW), defined as the mass of the dry polymer per mole of sulfonate groups. For the H + -form of Nafion ® , the equivalent weight is related to m as, EW = 100m + 446, and for an 1100 EW membrane, m = 6.6 (on average). Due to the phenomenon of ionic aggregation, 2,13,14 Nafion ® consists of at least two distinct morphological regions: a hydrophobic region encompassing the polytetrafluoroethylene (PTFE) backbone and a hydrophilic region containing the ionic side-chains. The semi-crystalline hydrophobic region of the ionomer provides the mechanical stability of the membrane while the hydrophilic domains contain ionic aggregates that impart the membrane with unique transport properties related to ion conductivity and permselectivity. 1, 2, 15 There are numerous models for the ionic domains of Nafion ® . These models are based upon results from small angle X-ray (SAXS) and neutron scattering (SANS), water uptake, water and ion transport, uniaxial strain, and NMR results. 2, 13, 14, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] An early model for Nafion ® morphology is the clusternetwork model proposed by Gierke and coworkers (Fig. 1a) . 13, 14 This model consists of spherical clusters, 4 nm in diameter, interconnected by 1 nm channels. The 1 nm channels are included in order to account for the continuous pathway for transport between clusters and high permselectivity (i.e. preferential transport of cations) observed for Nafion ® membranes. The characteristic dimensions of the 4 nm clusters were rationalized from SAXS and water absorption measurements; however, there is no experimental evidence to account for the 1 nm channels between clusters. Due to the inconsistency of the cluster-network model with scattering data over a wide range of scattering angles and orientation under uniaxial strain, alternative models for the morphology of Nafion ® have been proposed. Rubatat and coworkers describe a fibrillar model, where, in solvated films, cylindrical or ribbon-like clusters of semicrystalline fluorocarbon chains are surrounded by ionic groups, constituting rod-like aggregates (Fig. 1b) . 18, 26 Another more recent model is the parallel cylindrical water channel model by Schmidt-Rohr et al. 16 This model consists of cylindrical aggregates forming parallel channels of water ranging in diameter from 1.8 nm to 3.4 nm with an average diameter of 2.4 nm (Fig. 1c) . In this study, Nafion ® is used as a matrix to host photocatalytic complexes. [27] [28] [29] 27 Purity of all complexes were verified through mass spectrometry, electrochemistry, and electronic absorbance/ emission experiments and the data was found to be consistent with the previous report. 5 , at 480 nm, which was subsequently subtracted from the total absorbance at 480 nm of the mixed complex solutions. The remaining absorbance after subtraction was attributed to absorbance from the monometallic complex, [(bpy) 2 Ru(dpp)](PF 6 ) 2 , and the concentration was calculated using Beer's Law.
Analysis of ion-exchange
Nafion ® swelling
The length and width of dry rectangular Nafion ® films were measured with calipers and the film thickness was measured in three different places with microcalipers. The dry volumes of the films were then calculated from these dimensions. These dry films were then immersed in pure DMF or CH 3 CN and stored at room temperature for 24 h. Following this treatment, the dimensions of solvent swollen membranes were measured in a manner identical to that of the dry membranes, to yield the wet, solvent swollen, volume. The degree of solvent swelling was defined as 100(V wet − V dry )/V dry .
Molecular dimensions of the complexes
The axial dimensions and volumes of the complexes were obtained from the structures generated in SCIGRESS using ab initio calculations at the B3LYP/STO-3G level of theory, employing the Gaussian 09 suite of programs. 33 The average dimensions of the complexes were determined by direct examination of the model-generated coordinates.
Small angle X-ray scattering SAXS experiments were performed using a Rigaku S-Max 3000 SAXS system, equipped with a focusing mirror, 3 pinholes and a rotating anode emitting X-rays with a wavelength of 0.154 nm (Cu K α ). The sample-to-detector distance was 1603 mm, and the q-range was calibrated using a silver behenate standard. The SAXS data were corrected for sample thickness, sample transmission and background scattering. All the SAXS data were analyzed using the SAXSGUI software package to obtain radially integrated plots of SAXS intensity versus scattering vector q, where q = (4π/λ)sin(θ), θ is one half of the scattering angle and λ is the X-ray wavelength. (Scheme 2b), contains two terminal ruthenium metals, each chelated to two 2,2′-bipyridine (bpy) terminal ligands and a 2,3-bis(2-pyridyl)pyrazine (dpp) bridging ligand. The dpp ligands are, in turn, coordinated to a central rhodium ion, which is also coordinated by two bromides. 27, 28 The trimetallic complex, [{(bpy) 2 Ru(dpp)} 2 RhBr 2 ] 5+ , used in this study is of particular importance due to its ability to catalyze the light activated production of hydrogen from water. [27] [28] [29] Each coordinated Ru moiety acts as a light absorber. In the presence of a sacrificial electron donor, electron transfer to the Rh center occurs via a photoinduced metal to ligand charge transfer (MLCT) transition to the dpp bridging ligand, followed by electron transfer to the Rh. Upon reduction, the Rh(III) complex undergoes a rearrangement from octahedral geometry to square planar geometry, accompanied by loss of the halide ligands. Consequently, water reduction catalysis occurs at the Rh center. 27, 28 Ion-exchange of Ru polypyridyl complexes into Nafion ® has been shown to be advantageous for photo-induced electron transfer processes. 4, 7, [10] [11] [12] It is hypothesized that the catalytic performance of trimetallic complex, [{(bpy) 2 Ru(dpp)} 2 RhBr 2 ] 5+ , will be improved when absorbed in Nafion ® , due to a number of molecular factors including restriction of conformational rearrangements in the polymer matrix and restriction of molecular mobility (reduced intermolecular quenching and limited long range diffusion). In order to understand the effect that the ionomer has on catalytic performance, it is important to understand the specific interactions between the polymer and the metal complex that lead to a functionally advantageous spatial distribution of catalyst molecules within (absorbed) or on the surface of the host polymer film.
Results and discussion
Excess colorless and transparent pieces of 1100 EW Na + - These isomers have a mixture of Δ and Λ configurations (optical isomers), which do not yield significant variations in the volume and dimensions of the complex. 34 The range in sizes of the complexes is principally defined by three geometric isomers about the Rh, where the geometry of the dpp bridging ligand coordination to the central Rh can vary. The average volume of these three structural isomers were calculated to be 1. (Fig. 4a) , the more recent fibrillar ribbon model 18, 26 (Fig. 4b) and the cylindrical water channel model 16 ( Fig. 4c) high, given the large size of the complexes, it is not surprising that the quantity of sulfonate groups participating in the ion exchange process is less than 100% because some of the -SO 3 − terminated side chains are likely to be inaccessible. 2, 35 Considering the cluster-network model 13 ( Fig. 4a) , isomer 1. Structures generated in SCIGRESS. . The difference in the ion-exchange half-lives may be attributed to the relative affinity of Nafion ® for the two metal complexes. The affinity of Nafion ® for the metal complexes can be expressed with partition coefficients (K x ), defined as the ratio of equilibrium concentrations of the metal complex in the Nafion ® membrane to equilibrium concentrations of the metal complex in a DMF solution (eqn (1)). Despite the larger
size, Nafion ® has a higher affinity for the large trimetallic . This behavior is typical for ion-exchange materials whereby ions with a higher charge are favored over less charged ions. 37 In addition, the organic character of the ligands likely yields a hydrophobic contribution to the large partition coeficients. 1 Based on the seminal work of Reichenberg, the kinetics of ion exchange was shown to be affected by the relative affinities of the ionic polymer for the exchanging ions. For a given extent of exchange, the rate of ion exchange was found to be greatest for the system with the higher affinity coefficient. 38, 39 Therefore, the shorter ion-exchange half-life of the large trimetallic complex, [{(bpy) 2 Ru(dpp)} 2 RhBr 2 ] 5+ , relative to the smaller monometallic, [(bpy) 2 Ru(dpp)] 2+ , observed (Fig. 6a ) is in agreement with the calculated partition coefficients (relative affinities) of the two metal complexes. Since the ionic complexes must be accommodated within the ionic domains of Nafion ® (i.e., either of sufficient size or having the ability to structurally rearrange), it is reasonable to expect that the rate of the trimetallic complex, [{(bpy) 2 Ru(dpp)} 5+ , are comparable to the dimensions of the ionic domains in Nafion ® , and the accommodation of these ionic species into the membrane may involve at least two different ion-exchange processes (surface vs. bulk exchange sites in Nafion ® ), further insight into the uptake mechanism may be obtained through additional analysis of the time dependent ion-exchange data in Fig. 6 . Using exponential fits of these data as shown in Fig. 8 
In agreement with the results of the sequential exposure analysis (above) and behavior common to other ion-exchange materials, 41, 42 the biexponential uptake of the trimetallic complex, [{(bpy) 2 Ru(dpp)} 2 RhBr 2 ] 5+ , is attributed to a fast ionexchange of the complex with the surface accessible sulfonate groups, followed by a somewhat slower diffusion of these complexes into the interior of the membrane (exchange with bulk sulfonates). In contrast, the smaller dimensions of the monometallic complex, [(bpy) 2 Ru(dpp)] 2+ , yield a lower diffusive barrier for exchange with bulk sulfonate sites and thus less contrast in time-dependence between the surface ion-exchange and internal ion-exchange processes. Although essentially no uptake in the less swelling CH 3 CN solution (Fig. 6b) anticipate enhanced catalytic activity in these new guest-host systems.
